Based on comparative study on two amorphous silicon photovoltaic walls (a-Si PV walls), the temperature distribution and the instant power were tested; and with EnergyPlus software, similar models of the walls were built to simulate annual power generation and air conditioning load. On typical sunshine day, the corresponding position temperature of nonventilated PV wall was generally 0.5∼1.5 ∘ C higher than that of ventilated one, while the power generation was 0.2%∼0.4% lower, which was consistent with the simulation results with a difference of 0.41% in annual energy output. As simulation results, in summer, comparing the PV walls with normal wall, the heat per unit area of these two photovoltaic walls was 5.25 kWh/m 2 (nonventilated) and 0.67 kWh/m 2 (ventilated) higher, respectively. But in winter the heat loss of nonventilated one was smaller, while ventilated PV wall was similar to normal wall. To annual energy consumption of heating and cooling, the building with ventilated PV wall and normal wall was also similar but slightly better than nonventilated one. Therefore, it is inferred that, at low latitudes, such as Zhuhai, China, air gap ventilation is suitable, while the length to thickness ratio of the air gap needs to be taken into account.
Introduction
Solar energy is regarded as the world's richest renewable resource with the broadest distribution. In the circumstances where energy security and climate change remain critically important, the solar power generation technology drew increasing attention from various countries with the enhancing strategic importance. In addition to the development of large-scale ground photovoltaic (PV) power stations in the suburbs, the application of PV in buildings is also considered to be prospects in crowded urban area [1, 2] .
Based on the differences of PV modules serving as buildings components, there are two forms divided roughly, the building-integrated photovoltaics (BIPV) and the buildingattached photovoltaics (BAPV) [3] . Despite whatever form is taken, the reconstituted building envelope contributed by the integration of PV modules, compared to the normal building envelope, is varied in terms of structures, thermal performance [4] [5] [6] , and so on, which will further influence the indoor cooling and heating load of the buildings [7, 8] as well as the performances of PV modules [9] [10] [11] , such as the decline of photoelectric conversion efficiency due to the increase of the panel temperature rise.
Photovoltaic wall (PV wall), as a common form of PV applied in buildings, the optimum design scheme and operation strategies were extensively studied. Yang et al. [12] established the heat transfer model of the PV wall. One-dimensional unsteady heat conduction equation was emphasized to simulate the heat gain of the PV wall and to compare it with that of the normal wall without PV modules. This research took concrete cases into account in order to investigate the summer heat gain of the PV wall. The result turned out to be that the PV modules will increase the temperature of the air gap in PV wall while it is producing electricity. However, the PV modules shelter from solar radiation functioned to lower down substantially the outdoor comprehensive temperature while reducing the heat gain of walls in summer. The final result would be the reduction of the indoor cooling load of air conditioning. While, there is no description about the direction and location(latitude) of the PV wall.
Ji et al. [13] [14] [15] launched the comparison between the PV walls with air gap and the one with no air gap in terms of the electricity generation efficiency and indoor heat gain. The comparison experimental platform was constructed for the convenience of comparing the above-mentioned PV walls which were facing the west with different cooling methods. Respective mathematical models also were constructed. Based on the comparison of the experiments and calculation regarding the two types of PV walls, the result suggested that in Hong Kong these two cooling methods demonstrated nearly no differences in terms of electricity generation efficiency. However, with respect to the indoor heat gain, both methods substantially are different compared with each other. The problem is that the literature has not revealed the exact PV module types that were used in the experiments while the mathematical models did not take the relationship between the temperature rise of the PV panel and the electricity generation efficiency into account.
Zhu et al. [16] adopted the foamed plastic sheets as the simulated walls to make a box as the building and several bulbs displayed evenly as the simulated sunshine. Meanwhile, they came up with a model that was based on the temperature integral which can be used to investigate and simulate the multiheat exchange inside the PV walls. The result was congruent with the expected value. Concurrently, through comparison, it was found that the cooling down efficiency of the ventilated PV walls was 7% to 10% higher than that of the nonventilated ones. Certainly, this conclusion was drawn in the indoor experimental conditions, which meant that there may be certain limits in the real situation.
There is a plenty of comparative research over the thermal performance of the PV walls with different structures, analyzing the influence on the PV system efficiency and the indoor cooling and heating load; however, those were based on the constructed experiment equipment or real-scale experimental models. This research also conducted the comparison among the temperatures, immediate power under the positive sunshine condition, and generating capacity of each part of two PV walls based on the measurements on parameters of these two PV walls (one of them has the closed air gap between the PV modules and the walls while the other has the open air gap with shutters to have air flows) like temperature, electricity generating power, and generating capacity. In addition, this research also resorted to the emulated software in order to build the models of the two PV walls and the conventional walls and compared the possible influence of the generating capacity of the two PV walls and the three walls on the indoor air conditioning load.
The PV Walls
The study is carried out on two PV walls in two buildings, respectively, which are the same at construction and functions in Zhuhai, China (coordinates: N22.378, E113.547), as Figure 1 shows. These two PV walls are identical in terms of the configuration, numbers, connecting ways of the electric system, wall materials, and size. They only slightly differ from each other with regard to the structure.
Structure.
Similarities between two PV walls are as follows:
(1) They are vertical to the ground, 5
∘ south by east.
(2) They are identical in terms of the building design structure size and functions. The inner sides of the PV walls are office areas which can be divided into three floors; there is a meeting room in each floor. (4) There are 10 mm gaps between the PV walls. In order to make sure that the air gap in the back of the PV wall will not be influenced, the silicone weatherproofing sealant is used to fill the gap between modules.
(5) There are no buildings in the front side. There is a 4 m distance between the PV walls and the surrounding plants. No shadow is cast on the PV modules.
(6) They are both in PV wall structure with air gap between the modules and the walls. The air gap is at thickness of 155 mm. Due to the horizontal steel sheet used to hang the PV modules, part of the air gap is only thick at 90 mm. For details refer to Figure 2 .
What makes them different is the processing in the higher and lower edges of the two PV walls. The airless one (Figure 1(a) ) closed the higher and lower edges by the aluminum sheets. The air gap of the back did not open to the outside. The ventilated one (Figure 1(b) ) adopted the shutters in the higher and lower edges so that the air gap of the back of the PV modules can communicate with the outside. There are six groups of shutters, respectively, in the higher and lower positions, each of which has a size at 1600 (L) × 405 (H). T p,bot.
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T w,bot. parameters). The installed power of the system is 4.8 kW. Vertically, each row has 8 PV modules, which composed a group string. There are 15 group strings in total, which go through the combiner box and get connected to the grid by an inverter. The maximum input direct-current power of the inverter is 3200 Wp while the maximum input direct-current voltage is 550 V. The MPPT voltage ranges from 125 V to 550 V.
Experiment Study

Testing Parameters and Measure
Points. The sensors that were used to measure the outdoor environmental parameters were deployed in the roof of the ventilated PV wall. No obstructions were found. The measured parameters included the temperature and the humidity of the outdoor weather, the wind direction and speed, and the solar radiation in the vertical and horizontal directions. The irradiating apparatus used to test the vertical direction was deployed on the surface where the PV modules were installed.
The panel temperature, temperature of the air gap, and the surface temperature of the wall were measured on the central axis of the vertical direction of the PV wall at different positions (the higher, middle, and lower positions). In addition, the temperatures of the exit and entrance for the air flow of the shutters in the higher and lower edges of the ventilated PV wall would also be tested. The measure points' positions were shown in Figure 2 .
The instant current values and the instant voltage values of two PV systems would be measured and recorded in the inverter. Meanwhile, the cumulative generating capacity was also measured.
Measure System and Sensors.
In order to continuously measure and record the above-mentioned parameters, the multichannel sensor would be connected to the itinerant detector. See Figure 3 . Each parameter would be inspected through the itinerant detector which would send the data to the computer for loading and storage. The time interval for the recording is 1 minute. Due to the far distance between two PV walls, two measure systems like this have been deployed in two PV walls in order to reduce the length of the Pt100 thermal resistance wire. Figure 3 showed the measure system in ventilated PV wall with the sensors to measure the outdoor environmental parameters. Table 2 showed the sensor parameters which could influence the measure accuracy in the test. Due to the differences between the order of heat transmission and the heat storage capacity, the following features would be displayed.
Experiment Result Analysis
The Comparison of the Temperatures between the
(1) The change of the temperature curves procrastinated to respond to the change of the sunshine in 0.5-2 hours, among which the wall surface temperature was most obvious. The possible reason came down to the order of heat transmission and the specific heat.
(2) In the daytime with normal sunshine condition, put the temperature from high to low: panel, air gap, and wall surface. The temperature of the panel is 5-7 ∘ C higher than that of the wall surface and 3-5 ∘ C higher than that of the air gaps. In the sunset or night, the order was as follows: wall surface, air gap, and panel. They all had the 1-2 ∘ C disparity among each other due to the differences of their heat storage capacity and heat dissipation.
(3) The temperatures for closed air gap, due to the thermal inertia, displayed the temperature from 6:30 to 8:30 which was 2-3 ∘ C lower than the environmental temperature. From 8:30 to 14:00, the temperature was almost identical to the environmental one while, from 14:00 to 6:00, the temperature was 1-2 ∘ C higher than the environmental one.
(4) There would be the quick temperature rise in the panel after the sun rose while the temperature of the panel quickly went consistent with the environment after the sunset. Afterwards, till the sun rose again, the temperature kept identical with the environment.
(5) The peak of the temperature of the panel and air gaps was at 15:30. The one of the wall surface was at 17:00.
(6) The temperature curves in ventilated PV wall had a similar relationship and features with those of the nonventilated PV wall. However, the temperature disparities of the measure points were smaller than those of nonventilated PV wall.
The Comparison of the Temperature Field in Vertical
Direction. Figure 6 shows the temperature of the panel of the nonventilated PV wall in the vertical direction. Take three points with the same distance in the bottom, middle, and top of the wall. Conspicuously, in the sunshine condition, the temperature disparity between the bottom and the middle parts was about 2-3 ∘ C while the one between the middle and top parts was only 0.5-1.5 ∘ C, which demonstrated that the temperature rise in the vertical direction gradually declined. The analysis revealed that the observed decline shared certain correlation with the closed flow field. The heat was accumulated in the top, leading to the reduction of the temperature rise. Figure 7 showed that the wall surface of nonventilated PV wall also had the same tendency of the decline of the temperature rise. The temperature disparity between the bottom and middle parts was at 2.5 ∘ C while the temperatures of the middle and the top parts were nearly the same with disparity only at 0.5-1 ∘ C, which indicated that the temperature would be lower than the environment in sunshine condition while being higher than the environment without sunshine due to the thermal inertia and its position in the end of the heat transmission. Figure 8 indicated that the wall in nonventilated PV wall also had the same tendency of the decline of the temperature rise in the vertical direction of the air gaps. The temperature disparity between the middle and bottom parts was at 2-4 ∘ C while that between the top and the middle parts was only 1-2 ∘ C. The temperature in the bottom with no sunshine was almost identical with the environment. When the environment temperature got rise due to the sunshine and the bottom temperature was lower than it. The situation of the temperature of the middle part was as stated above: the closed air gaps, due to the thermal inertia, had the lower temperature than the environment, probably at 2-3 ∘ C, from 6:30 to 8:30. The temperature kept identical with the environment from 8:30 to 14:00 while being higher than the environment at 1-2 ∘ C from 14:00 to 6:00. The temperature at top was always higher than the environment. T (nv, p, top) 
T (amb.) As shown by Figure 9 , with sunshine condition, the temperature disparity of the panel at top in nonventilated PV wall and ventilated PV wall was only 0.5-1.5 ∘ C. Nonventilated PV wall was the higher one. The largest disparity appeared before 14:00, after which the disparity got closed. After the sunset, nearly no disparity was observed. Figure 10 showed that there would be certain temperature disparity between the wall surface of the top of nonventilated PV wall and ventilated PV wall. In the daytime with sunshine, the temperature of nonventilated PV wall was generally higher at 2 ∘ C but dropped to 1 ∘ C after the sunset. Figure 11 showed that the temperature of the air gap at top of the nonventilated PV wall was always higher than that of ventilated PV wall at 2 ∘ C, which declined early in the morning.
The Comparison of the Electricity Generation between
Nonventilated PV Wall and Ventilated PV Wall Systems. In Figure 12 the comparison of the relations between output power and panel temperature of the two kinds of PV walls in the typical sunshine is shown. From it, we can see that, from 9:20 to 14:30, the panel temperature of ventilated PV wall is 0.5 to 1.5 ∘ C lower than that of nonventilated PV wall, while the output power is 0.2% to 0.4% higher than that of nonventilated PV wall; more obviously, from around 15:00 to 16:00, the panel temperature of ventilated PV wall fluctuates and turns out to be about 2 ∘ C higher than that T (nv, w, bot.)
T (nv, w, mid.)
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T (amb.) of nonventilated PV wall, along with which its generating efficiency significantly drops and is about 0.5% lower than that of nonventilated PV wall. For both of the systems, the peak output power occurs at 12:30 when the solar irradiance reaches a higher value of the day and is 3.351 kW and 3.337 kW, respectively. The generated energy throughout the day of the nonventilated is 18.71 kWh and of the ventilated is 18.78 kWh; there is a difference of 0.07 kWh (0.37%) between the two. The panel temperatures of both PV walls do not seem to be much different from each other and thus the difference of their power is smaller.
Simulation Study
Model Establishment.
EnergyPlus Model cannot simulate only the energy cost of buildings, but also the electricity generation of the PV system. In order to overall investigate the electricity generation of the PV walls and their influence on the indoor air conditioning energy cost, this research adopted the EnergyPlus software to simulate the data of the electricity generation and heat transmission performance in the domestic meteorological year. First, model the system is based on the PV walls and the exact size of buildings. Figure 13 showed the pictures of the airless PV walls, the ventilated PV walls, and the ordinary walls. The air vents at top and bottom of the ventilated PV walls were in form of four windows that could be opened. Within these windows, there were venetian blinds which shared the same size with the exact shutters in order to simulate the ventilation effect of the shutters. The EnergyPlus software had three models that simulated the solar energy electricity generation system, which are Simple T (nv, a, bot.)
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T (amb.) Model, Equivalent Diode Circuit Model, and Sandia Model. The Comparison among these three revealed that Sandia PV Model had the best effect of simulating the a-Si PV walls. Therefore, this research adopted the Sandia PV Model to simulate the dynamic electricity generation capacity of the PV walls. A plenty of the parameters used in the model were from the special indoor and outdoor tests over the same aSi PV modules in order to guarantee the accuracy of the simulation. In an attempt to investigate the influence of the air gaps on the PV module temperature and the indoor heat transmission volumes, the Airflow Network Model in the EnergyPlus was adopted to simulate the air flow and the heat transfer features between the PV walls and normal walls.
Model Verification.
In order to verify the accuracy of the model, some key parameters like the solar radiation, operating temperature of the components, wall surface temperature, and system direct-current output power would be verified through experiment. The experiment was conducted from 18th to 25th of January of 2014 (8 days in total). To simulate the solar radiation at each time point was the first step as well as the most important step for the entire simulation, as it may determine the electricity generation capacity simulation of the PV walls and their influence on the indoor air conditioning load. Figure 14 showed the comparison between simulated solar radiation from the south and the measured value.
International Journal of Photoenergy It is easy to discover that the simulated values were higher than the exact measure value in the noon of the fine day. However, the errors fell into the acceptable range. In overcast days, the simulated values were perfectly identical with the exact number. Figure 15 showed the comparison between the simulated direct-current electricity generation capacity and the measured value, which revealed that the simulated values were comparatively identical with the measurements with errors less than 4.4%. It indicated that the Sandia PV Model used in this research could be the accurate simulation system for dynamic electricity generation power.
The temperature of the internal walls of the PV walls directly determined the indoor heat transmission volumes. Therefore, this research also conducted the experiment to verify the simulated results. Figure 16 showed the verification result of the outer wall simulated surface temperature of the ventilated PV wall, which suggested that, in most of time, the simulated surface temperature was consistent with the exact number. However, in some specific fine days, the temperature disparities were a little bit large. But even the largest temperature disparity was less than 3 ∘ C, which was acceptable. The operating temperature of the PV modules could directly determine the energy output of the PV walls. Figure 17 shows the comparison between the simulated panel temperatures of the PV modules and the exact numbers. Through this experiment, it is easy to discover that the simulated temperatures were generally lower than the exact ones. The largest temperature disparity was 5 ∘ C. However, due to the small power temperature coefficient of the aSi PV modules which was generally −0.25%/ ∘ C, the influence over the electricity generation capacity of the PV system was controlled to be about −1% despite of the large temperature disparity at some times. This simulated temperature was also acceptable. Figure 18 showed the annual electricity generation capacities of the simulated nonventilated PV wall model and the ventilated PV wall. According to Figure 18 , the verified nonventilated PV wall model and the ventilated PV wall model simulated the electricity generation capacities of the two PV systems. From Figure 18 , it is easy to find that the electricity generation capacity of the ventilated PV wall model was slightly higher than that of the nonventilated PV wall model. The disparity between the capacities of these two models was expanded from January to October in every year, probably by 0.5% to 0.7%. The disparity was increased by 0.1%-0.2% in other months. The simulated results were as follows: the annual electricity generation capacity of the nonventilated PV wall model was about 2512.23 kWh while that of the ventilated PV wall model was 2522.64 kWh. The observed disparity was 10.41 kWh, which was about 0.41%. the conduction heat gain rate simulated of the nonventilated PV wall, ventilated PV wall, and normal wall during this period. Obviously, the heat gain of the nonventilated PV wall was larger than the ventilated one, especially from the end of September to the end of October. As Table 3 shows, Energy consumption for cooling of ventilated PV wall model is lower than that of nonventilated PV wall model by 6.03 kWh/m 2 in summer.
Simulation Result Analysis
The Comparison of Annual Electricity Generation Capacities.
The Comparison of Heat Gain and Building Energy
Compared with the other two PV walls, the heat gain of the normal wall (7.56 kWh/m 2 ) was actually 3.71 kWh/m 2 less than the nonventilated PV wall and 0.68 kWh/m 2 less than the ventilated one within 6 months; that means the two PV walls increased building cooling load instead.
Similarly, as shown in Table 3 , according to the simulation result, the energy consumption of normal wall model for cooling is lower than the two PV wall models by 7.49 kWh/m 2 and 1.45 kWh/m 2 , respectively. There are two possible reasons for this result: on the one hand direct sun cannot shine on the south-facing wall for a long time in summer because of the local low latitude in Zhuhai; meanwhile due to the convective heat transfer effects between the normal wall and ambient air, the surface temperature is lower than PV wall for most of the daytime; another reason is probably that the absorption rate of normal wall is relatively lower, while that of the PV module is higher and regardless of whether the air gap is open to outer atmosphere, the heat in the air gap generated by PV panel cannot be effectively taken away but transmitted into the room through the wall. Specifically for the two PV curtain walls studied in this paper, the ratio of the height of PV wall (i.e., the length of the flow channel) to the thickness of air space (i.e., the distance between PV modules and walls) is much larger than such length to thickness ratio in the experimental apparatus used in laboratory experiments; meanwhile, in the practical engineering, there lay the structural support and electric power circuit in the air space, which will obstruct the air flow of the air layer and thus cannot achieve good ventilation and heat dissipation.
As shown in Figure 20 , in winter (from November 1 to April 30 next year), the conduction heat loss rate of the normal wall (17.69 kWh/m 2 ) is obviously larger than that of the ventilated PV wall by 1.75 kWh/m 2 and nonventilated PV wall by 7.09 kWh/m 2 , respectively, which means that ranking of the building heat load in winter conditions for the three models was nonventilated PV wall, ventilated PV wall, and normal wall in descending order. The energy consumption in winter of the three models is shown in Table 3 , which follows the same order as above.
According to Table 3 and comparison of these three models, ventilated PV wall model with normal wall model are similar at the annual total energy consumption of heating and cooling but slightly better than that of nonventilated PV wall model.
The Optimum Design Scheme and Operation Strategies
with Different Structure Walls. Based on the above simulation results, some optimum design scheme and operation strategies for PV walls are proposed as follows.
(1) During the scheme design phase, deciding whether to adopt south-facing PV wall, it is necessary to estimate the impact on indoor cooling and heating load considering the latitude with different solar elevation angle.
(2) If we decide to adopt the south-facing PV wall, during the summer, the air gap between PV modules and walls may be ventilated, and the length to thickness ratio should be optimum designed to facilitate the air gap heat dissipation, to enable reduction indoor cooling load.
(3) And during the winter, the air gap may be nonventilated to reduce building heat loss.
(4) If there is only one status of the openings, the air gap ventilated or nonventilated can be decided by the annual cooling load and heating load.
Conclusions
Based on the above analysis of experimental and simulation results, the following conclusions can be drawn.
(1) In the typical sunshine condition, compared to the air gap of nonventilated PV wall, the air gap of the ventilated PV wall will be easier compared to cooling the PV panel and make the temperature lower than that of the nonventilated PV wall. As a result, the influence of the temperature rise of the PV panel on the electricity generation efficiency of the PV module would be dropped off while the PV conversion efficiency can be improved. However, in this study because the panel temperature difference of the two PV walls is small, the phenomenon is not obvious.
(2) At low latitudes similar to Zhuhai, China, in the building with south-facing PV wall compared to the one with normal wall, there is no obvious energy efficiency from the annual energy consumption of air conditioning, and if the air gap ventilation is ineffective, the cooling load of the building with PV wall will be higher than that of building with normal wall.
(3) At low latitudes similar to Zhuhai, China, in the design and construction of PV walls, we need to consider the length to thickness ratio of the air gap, which may influence the cooling effect of the PV panel.
